Abstract. Nitride light-emitting diodes are a promising solution for efficient solid-state lighting, but their performance at high power is affected by the efficiency-droop problem. Previous experimental and theoretical work has identified Auger recombination, a three-particle nonradiative carrier recombination mechanism, as the likely cause of the droop. In this work, we use first-principles calculations to elucidate the dependence of the radiative and Auger recombination rates on temperature, carrier density and quantumwell confinement. Our calculated data for the temperature dependence of the recombination coefficients are in good agreement with experiment and provide further validation on the role of Auger recombination in the efficiency reduction. Polarization fields and phase-space filling negatively impact device efficiency because they increase the operating carrier density at a given current density and increase the fraction of carriers lost to Auger recombination.
Introduction
Light-emitting diodes (LEDs) based on the group-III-nitride materials are energy-efficient, nontoxic and long-lasting light sources that can replace incandescent and fluorescent light bulbs for general lighting [1] . Technological advances since the fabrication of the first viable nitride LED in 1993 [2] have enabled solid-state lighting to be a viable solution for display and illumination applications [3] . Despite their commercial success, nitride LEDs are still affected by efficiency issues. The remarkable energy efficiency of nitride LEDs is only achieved at low injected current densities, and it decreases dramatically when operating at the high power needed for lighting. This effect, known as the efficiency-droop problem [4] , is a universal feature of nitride LEDs that becomes progressively worse for longer-wavelength devices (green gap). Mitigating the efficiency-droop and green-gap problems will reduce the cost of high-power nitride LEDs and accelerate the wider adoption of solid-state lighting.
The origin of the efficiency-droop problem remains a subject of debate and active research [4] . Several mechanisms have been put forward as the probable cause of the droop, such as defects [5, 6] , carrier delocalization and recombination at dislocations [7] , carrier leakage out of the active region [8, 9] , poor hole injection [10] , Auger recombination [11] [12] [13] [14] [15] [16] or a combination of them [17, 18] . Auger recombination, in particular, is challenging to address because it is an intrinsic nonradiative recombination process of the material ( figure 1(b) ). The work of Shen et al [12] identified Auger recombination as the likely cause of the droop after they observed nonthermal efficiency rollover in optically pumped quasibulk nitride samples. This work stimulated a number of subsequent studies and its findings were subsequently verified in a range of nitride LEDs and lasers by several other groups [14] [15] [16] [19] [20] [21] [22] . More recently, Iveland et al [23] used electron emission spectroscopy to directly observe the generation of Auger electrons in a nitride LED under electrical injection conditions. They also observed a linear correlation between the Auger electron current and the missing current due to efficiency droop, thus providing further evidence for the Auger hypothesis as the leading cause of the efficiency reduction. Further insights are needed in order to better understand the microscopic mechanisms involved in Auger recombination in the nitrides and to devise engineering strategies to mitigate its impact, which can be obtained either by experimental studies or by theoretical simulations.
Despite the abundant experimental evidence, Auger recombination remains an issue of disagreement because of discrepancies between experimental and theoretical data. Early calculations by Hader et al [24] found that direct Auger recombination is too weak in nitride LEDs to account for the observed droop, a finding that was subsequently verified by other theoretical work [25] . However, Bulashevich and Karpov [26] used the general trend of Auger coefficients for various semiconductors to argue that Auger recombination in the nitrides must occur via higher-order indirect processes such as those assisted by the coupling of electrons to lattice vibrations ( figure 1(c) ). The significance of phonon-assisted Auger recombination was also predicted by Laubsch et al [15] . Preliminary calculations by Pasenow et al [27] found that phonon-assisted Auger is stronger than the direct process in the nitrides but they did not report values for the phonon-assisted coefficients. Hader et al [5] mentioned preliminary results which indicate that phonon-assisted Auger is not strong enough to explain experiment but they did not report further details. However, these early calculations were based on simple models for the band structure and the electron-phonon interaction, which did not account for all possible indirect Auger transitions.
Our own previous calculations of indirect Auger recombination in the nitrides [28] employed first-principles computational methods based on density functional theory (DFT), a predictive method that can account for all electron states and phonon modes involved in indirect Auger transitions. We found that indirect Auger recombination is indeed strong in the nitrides and that the values of the calculated indirect Auger coefficients were in good agreement with experiment. Thus, our calculations support the hypothesis that Auger recombination is the likely cause of the droop.
In this work, we present insights gained from first-principles calculations on the effects of quantum confinement, temperature and increasing carrier density on the radiative and Auger recombination coefficients and the internal quantum efficiency (IQE) of nitride LEDs. The results on temperature and carrier-density dependence are presented here for the first time. In section 2 we discuss indirect Auger recombination, assisted by electron-phonon coupling and alloy scattering, in bulk nitride materials. In section 3 we describe the effect of the polarization fields that appear in polar devices on the recombination rates and their effect on the efficiency droop. In section 4 we describe our first-principles formalism for the calculation of the radiative recombination rates in nitrides. Last, in section 5 we discuss the effect of temperature, polarization fields and phase-space filling (PSF) on the recombination rates and the efficiency of an In 0.15 Ga 0.85 N single-quantum-well device.
Auger recombination in nitride semiconductors
The recombination rate of carriers in a single-quantum-well device is given by the so-called
where J/ed is the carrier injection rate, J is the injected current density, d is the quantumwell width, An is the Shockley-Read-Hall recombination rate, Bn 2 is the rate of radiative recombination and Cn 3 is the Auger recombination rate. At steady state, the relation between the current and carrier densities is given by
At high current densities (high carrier densities) the Auger mechanism becomes the dominant recombination process, which leads to nonradiative carrier loss and reduced highpower efficiency. The IQE of the device η is given by the ratio of the carriers that recombine radiatively over the total recombination rate
At high carrier concentrations the Auger term dominates in the denominator and leads to a reduction of the IQE for high carrier concentrations.
The Auger recombination rate is determined by Fermi's golden rule
where 1≡(n 1 , k 1 ), etc are composite band and wave-vector indices,
is a statistics factor that accounts for fermionic occupation numbers, and the delta function ensures the overall energy conservation. The electron-electron scattering matrix elements are given in terms of the screened Coulomb interaction W (r, r ),
where
and both direct and exchange terms due to fermionic exchange are taken into account. The corresponding equations for phonon-assisted Auger recombination are similar to the direct case, with appropriate modifications for the matrix elements, energy and momentum conservation and statistics factors. The indirect Auger recombination rate is given by
,
are the modified statistics factors, n νq are the Bose-Einstein phonon occupation numbers,hω νq are the vibrational frequencies of phonon mode ν with wave vector q,M are the modified matrix elements and the upper (lower) sign corresponds to the process assisted by phonon emission (absorption). The modified Auger matrix elements are given in terms of the direct Auger matrix and the electron-phonon coupling matrix elements. For example, one of the terms contributing to the total matrix element is
where g m4,νq = m| ∂ νq V |4 are the electron-phonon coupling matrix elements from state m to state 4 due to the perturbation of the crystal potential V by the phonon mode (νq). There are a total of eight terms similar to (5), which account for all possible combinations of the electron-phonon coupling and Auger Feynman diagrams that need to be considered. All terms are calculated with consistent wave-function phases in order to properly account for quantuminterference effects among the various quantum processes. First-principles calculations for the indirect Auger coefficients in GaN and InGaN were performed with DFT and related techniques [29] . The carrier energies and wave functions are calculated with DFT and the local-density approximation for the exchange-correlation potential [30, 31] . The band gap is adjusted with a rigid scissors shift to correct for the bandgap underestimation problem of DFT. The static dielectric function involved in the screenedCoulomb-interaction matrix elements is evaluated using the model of Cappellini et al [32] . The phonon frequencies and electron-phonon coupling matrix elements are calculated using density functional perturbation theory [33] . Calculations for the phonon-assisted coefficient are performed for bulk GaN and extrapolated to other alloy compositions by adjusting the bandgap value through the scissors shift. As pointed out in [34] , the denominator in (5) may become equal to zero for resonant direct transitions to intermediate states. An imaginary component with a value equal to 0.3 eV was added to the intermediate-state energies in the denominator of (5) in order to numerically handle singularities due to such resonant direct transitions. The value of this broadening parameter does not affect the calculated phonon-assisted Auger recombination rates in the nitrides. This is because the intermediate states involved in the calculation of (5) are far from resonance for all band-gap values and the real part of the energy denominator dominates. Therefore, the theoretical treatment of phonon-assisted Auger recombination in terms of second-order perturbation theory yields results that do not significantly depend on the chosen value of this imaginary broadening parameter. The alloy-scattering-assisted Auger coefficients are calculated for the special quasirandom structure (SQS) [35] of In 0.25 Ga 0.75 N and are extrapolated to other alloy compositions using the dependence of the alloy-scattering potential on the composition,
Our calculated results for the phonon-and alloy-scattering-assisted Auger coefficients have been reported elsewhere [28] . Here we briefly review the results and compare with subsequent work. The cumulative value of the indirect Auger coefficients is in the range of 1.5-3.0 × 10 −31 cm 6 s −1 for alloys with In composition in the 10-25% range, which is in good agreement with experimental measurements. The dominant carrier scattering mechanisms are short-range electron-phonon coupling and alloy scattering, while scattering by charged defects is not important for realistic defect densities. These findings are consistent with our own earlier work on free-carrier absorption in the nitrides [36, 37] which found that electron-phonon coupling and alloy scattering are particularly strong in nitride semiconductors. Our results have since been validated by experimental measurements (e.g. [21, 38] ).
Subsequent theoretical work by Bertazzi et al [34] found values much lower than our calculated results and argued that phonon-assisted Auger recombination in the nitrides may only be relevant in low-bang-gap alloys (yellow-green). However, these calculations include the electron-phonon interaction only as a lifetime-broadening mechanism that relaxes the energy conservation requirement in (4). However, a complete theory of phonon-assisted Auger recombination needs to take into account the modification of the Auger transition probabilities due to interaction of the charge carriers with the lattice. Since the work of Bertazzi et al [34] did not consider the modification of the Auger matrix elements due to the electron-phonon interaction, it is not expected to yield accurate phonon-assisted Auger coefficients.
The dependence of the Auger coefficient on the carrier density plays a role in the LED efficiency. The Auger coefficient C is obtained by dividing the recombination rate per unit volume by the third power of the carrier density, C = R Auger /n 3 V . For low carrier concentrations the recombination rate is proportional to the cube of the concentration of free carriers and the C coefficient is independent of carrier density. However, the semiconductor becomes degenerate at high carrier concentrations and the C coefficient becomes a monotonically decreasing function of the carrier density. This effect is known as phase-space filling [39] and, like the effect of polarization fields [40] , decreases LED efficiency because it increases the operating carrier density for a given current density. The effect of PSF on quantum efficiency is discussed in further detail in section 5.
The Auger coefficients are also a function of the temperature of the material. The temperature dependence reported in our previous work [28] arises both from the phonon occupation numbers and the carrier distribution over the electronic states around the conduction-band minimum. Both phonon-and alloy-scattering-assisted Auger coefficients depend on temperature. Moreover, phonon-emission processes enable phonon-assisted Auger recombination even at absolute zero temperature, which explains reported experimental results for droop at very low temperatures [41] . Other effects such as lattice expansion or the temperature dependence of the band structure may play a secondary role but were not explicitly considered in our work.
Auger recombination in quantum wells
Although the discussion of indirect Auger recombination in the previous section applies to bulk materials, the recombination rates of carriers in quantum wells in the active region of LEDs are affected by quantum confinement. The polarization fields that develop in quantum wells keep the electron and hole wave functions apart and reduce the recombination rates. Moreover, the lack of momentum conservation along the confinement direction constitutes an additional scattering mechanism that enables Auger transitions [42] . Quantum confinement affects the electron and phonon energies as well as the electron-phonon and electron-electron scattering matrix elements. The full analysis of carrier recombination rates in nitride quantum wells requires calculations that can predict the modification of electron and phonon properties by quantum confinement at the microscopic level using first-principles theory. Recently, k · p calculations have shown that Auger recombination in narrow nitride quantum wells increases by quantum confinement [43] . In the following analysis, we assume that quantum confinement does not significantly modify the bulk recombination rates and that the main effect of the confinement is the spatial separation of the electron and hole wave functions by the polarization fields.
The polarization fields in the active region of polar nitride quantum wells reduce the carrier recombination rates. It has been shown that the radiative rate of carriers in the quantum well B QW is proportional to the electron-hole wave-function overlap squared, B QW = B Bulk |F cv | 2 , where B Bulk is the coefficient in the bulk and
is the overlap between the electron and hole envelope functions, assuming that quantum confinement is along the z direction [44] . In previous work, we derived that the Shockley-Read-Hall and Auger coefficients are also proportional to the electron-hole overlap squared, A QW = A Bulk |F cv | 2 and C QW = C Bulk |F cv | 2 [40] . Thus, the recombination rates decrease by the same ratio as the wave-function overlap decreases due to polarization fields and the IQE as a function of carrier density is unaffected by quantum confinement. However, when the efficiency is plotted as a function of the current density using (2) it displays significantly stronger droop when the electron-hole overlap is weak (figures 2(a) and (c) ). This is because the reduction of the recombination rates by the polarization fields increases the steady-state carrier density in the device for a given current density and increases the fraction of carriers that recombine via the Auger mechanism.
The fact that the polarization fields increase the fraction of carriers lost to Auger recombination and aggravate the droop behavior has also been reported experimentally. David and Grundmann [45] demonstrated that increasing polarization fields in polar LEDs of higher In content aggravate the IQE versus current density curves, even though the IQE versus carrier density curves show similar droop. Zhao et al [46] reported that InGaN QWs with high electron-hole overlap exhibit improved efficiency. Pan et al [47] used a semipolar growth direction to fabricate a high-power low-droop blue LED. Reducing or eliminating the polarization fields and the associated electron-hole spatial separation is therefore a viable strategy for mitigating the droop.
Radiative recombination
Spontaneous radiative recombination is the fundamental microscopic quantum process that leads to light emission in semiconductors and the operation of LEDs ( figure 1(a) ). The rate of spontaneous recombination R sp is calculated using Fermi's golden rule and the electron-photon coupling Hamiltonian matrix elements [48] R sp (n, T ) = 8n r e 2 c 3h 2
where n r is the refractive index and | v cvk | 2 /3 is the directionally averaged squared velocityoperator matrix element for an optical transition between the valence and conduction band at wave vector k. This is the general equation for Fermi-Dirac statistics. In the limiting case of carriers in nondegenerate semiconductors (6) reduces to the result given by Boltzmann statistics [49] . The radiative coefficient B is obtained by dividing the recombination rate per unit volume with the carrier density squared, B = R sp /n 2 V . The radiative recombination rate in (6) is determined from first-principles calculations based on DFT [29] . The electronic energy eigenvalues are calculated with the local-density approximation [30, 31] and the band gap is adjusted to the experimental value using a rigid scissors shift. The calculation of the radiative rate in (6) requires the band energies and velocities on a very fine mesh of points near the conduction-and valence-band extrema. These can be determined very efficiently using the maximally localized Wannier function (MLWF) method [50, 51] . First, the band energies are determined on a uniform mesh of points in the first Brillouin zone (8 × 8 × 8 in the case of GaN and 4 × 4 × 4 for the case of the In 0.25 Ga 0.75 N special quasirandom structure [35] ). Subsequently, the band energies are interpolated with the MLWF method to fine meshes of points in the Brillouin zone (as fine as 70 × 70 × 35 for GaN and 50 × 50 × 20 for the In 0.25 Ga 0.75 N SQS cell are needed to achieve convergence) in order to determine the carrier quasi-Fermi levels as a function of free-carrier density and temperature. The interband velocity matrix elements are also calculated on these fine meshes of points using the MLWF method [52] and adjusted for the band-gap correction in order to preserve the sum rule for the imaginary part of the dielectric function [53] . We have recently applied a similar approach to calculate the phonon-assisted optical absorption spectrum of silicon [54] . The refractive-index values for GaN and the In 0.25 Ga 0.75 N SQS structure were determined using the model of Bergmann et al [55] .
Our calculated values for the radiative coefficient of GaN and In 0.25 Ga 0.75 N are plotted as a function of carrier concentration and temperature in figures 3(a) and (b). At high carrier concentrations where Fermi-Dirac carrier statistics apply, the coefficients decrease due to PSF [39] . In the plotted carrier-concentration range the coefficients can be fitted by a function of the form
where B 0 is the low-density limit of the coefficient, n 0 is the characteristic carrier density for the onset of PSF and b is a dimensionless exponent. At 300 K the fitted coefficients are [14] . We observe that the B coefficient of In 0.25 Ga 0.75 N is reduced by 28% when the carrier density increases from 10 18 to 10 19 cm −3 , within the range of operation of LEDs. For all carrier concentrations the coefficients are decreasing as a function of temperature.
Discussion
The magnitude of the indirect Auger coefficients as determined from our first-principles calculations for bulk nitrides is in good agreement with experimental measurements. The cumulative values we obtained are in the range of 1.5-3.0 × 10 −31 cm 6 s −1 for alloys with In composition in the 10-25% range, which is in good agreement with reported experimental results [12, 14, 21, 38] . This agreement indicates that indirect Auger recombination assisted by electron-phonon coupling and alloy scattering is important in nitride LEDs and is the likely cause of the droop.
We examined the temperature dependence of the Auger and radiative coefficients. • C as calculated by our theory and measured in experiment [38] . The theoretical values are calculated for a carrier concentration of 10 19 cm −3 . The temperature dependence of both phonon-and alloy-scattering-assisted Auger processes is considered. The theoretical values of the alloy-assisted coefficient are linearly interpolated from the data for In 0.25 Ga 0.75 N at 300 and 600 K while using the dependence of the alloy-scattering potential on the alloy composition C(x) ∝ x(1 − x). The theoretical data for the phononassisted coefficients are obtained from the GaN data by adjusting the band gap with a scissors shift to the value corresponding to the 15% In composition (2.9 eV [56] ). The temperature dependence in the phonon-assisted case arises from the increased thermal occupation of the vibrational modes at higher temperatures. Effects on the band structure due to thermal expansion or electron-phonon coupling were not considered in this study.
The temperature dependence of our calculated Auger coefficients is in good agreement with experiment, which further validates the role of indirect Auger processes. A full analysis of the temperature dependence of the efficiency droop requires the comparison of the temperature dependence of the entire IQE curve between theory and experiment. However, it is difficult to compare theoretical and experimental features of the IQE curve, such as the position and magnitude of the peak efficiency, because they depend directly on the value of the Shockley-Read-Hall coefficient, which is sample-dependent. Hence, general conclusions of the temperature-dependence of droop can be drawn only from the effect of temperature on the radiative and Auger coefficients. Figure 4 illustrates that the radiative coefficient decreases while the Auger coefficient increases for increasing temperature, which both have a negative effect on the droop. The direct Auger recombination coefficient depends exponentially on temperature, while indirect Auger coefficients exhibit weak temperature dependence [57] . This is because increasing temperature enables momentum-conserving direct transitions to a wider range of final states. In the indirect case, however, additional momentum is provided by the phonons or the alloy-scattering potential. Thus, a higher temperature is not needed to enable momentum conservation for indirect Auger transitions. Our calculated results for indirect Auger in figure 4 display a weak temperature dependence, in agreement with the experimentally observed nonexponential temperature dependence. Moreover, the work of Laubsch et al [41] found a weak temperature dependence of the IQE curve at high current densities and measured identical values for the Auger coefficient at 300 and at 4 K, [15] which suggests that the weak temperature dependence also extends to low temperatures. These observations support the argument that the dominant Auger processes are indirect. Moreover, the radiative coefficient decreases with temperature in a way similar to the theoretical dependence predicted for nondegenerate carriers, B(T ) ∼ T −3/2 . Although the theoretical and experimental curves in figure 4 somewhat deviate at high temperatures, the ratio of the radiative to the Auger rate is similar. For example, the experimental relative B/B(25
• C is 0.61 while the theoretical one is 0.65, thus the difference is only 7%. We attribute the remaining differences between the data to the uncertainties in the experimental determination of the B and C coefficients and the omission of temperature-dependent effects in the theoretical calculations, such as thermal expansion and the temperature dependence of the band gap.
Polarization fields negatively impact LED efficiency. Figures 2(c) and (d) illustrate the IQE for a polar and a nonpolar LED device consisting of a single 3 nm-wide In 0.15 Ga 0.85 N quantum well. The recombination rates as a function of electron-hole wave-function overlap were calculated as in section 3. The values of the bulk recombination coefficients were taken from experimental measurements as in [40] . The efficiency droop is stronger in the polar-LED case because the reduction of the recombination rates by the electron-hole separation (figures 2(a) and (b)) increases the steady-state carrier density in the quantum well and thus the fraction of carriers that recombine by the Auger process.
Phase-space-filling effects are also important for the efficiency droop. Figures 2(c) and (d) illustrate the effect of PSF on the efficiency curves of a polar and a nonpolar LED. To describe PSF in the calculation of the IQE versus current curves, we used the model of (7) to describe the reduction of the B and C coefficients at higher carrier densities. The model parameters in the evaluation of (7) were taken from experimental measurements (n 0 = 2.0 × 10 19 cm −3 and b = 1.0 [14] ), which agree with our calculated values for the phase-space-filling behavior of the radiative coefficient. Just like polarization fields, PSF reduces the recombination rates and increases the carrier density in the quantum well for a given current density. As a result, a larger fraction of carriers recombine via Auger for a fixed current density when PSF is taken into account, and that is reflected in the reduction of the efficiency both in polar and in nonpolar devices. The data in figures 2(c) and (d) do not include the effect of screening of the polarization fields by the free carriers, but our conclusions on the effect of PSF on the IQE must remain true even when these fields are taken into account.
Conclusion
In conclusion, we used first-principles computational methods to analyze the dependence of the radiative and Auger coefficients in nitrides as a function of temperature, carrier density and polarization fields. The temperature dependence of the calculated coefficients is in good agreement with experiment, which further demonstrates that Auger recombination is important in LEDs and the likely cause of the droop. Polarization fields and PSF negatively impact device efficiency and need to be addressed for the engineering of high-efficiency high-power nitride LEDs.
